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1. Introduction {#s0005}
===============

Current estimates suggest that 70% of the world population will be urbanized by 2050 ([@bb0245]). Many of these growing cities are in low- and middle-income countries, which, according to the World Health Organization (WHO), do not have broad access to safely managed sanitation services ([@bb0240]). The lack of safe water, sanitation and hygiene (WASH) is linked to gastro-intestinal infectious diseases, which caused 1.38 million deaths in 2016 (with 60% attributed to WASH) ([@bb0185]) and being one of the leading causes of mortality in children under five years of age ([@bb0230]). In addition, while poor sanitation is not directly related to acute respiratory infections, a 2009 study found that 26% of acute lower respiratory infections in children under 5 years old were linked with recent diarrheal disease events ([@bb0195]). These results suggest that reducing the incidence of diarrheal disease by increasing access to safely managed sanitation services, could reduce acute lower respiratory infections ([@bb0135]). These, and the recent coronavirus pandemic and evidence of SARS-CoV-2 viral excretion through the gastrointestinal tract ([@bb0280]) suggests that a better understanding of the aeromicrobiological route of exposure and the above mentioned possible linkages are warranted ([@bb0060]). Our study helps with bridging this knowledge gap.

Plenty of research has been done on the fecal-oral infection route from unsafe water consumption, poor sanitation and hygiene. Even so, the exposure to enteric pathogens through the air and associated risk of infection is scarce in the literature outside of narrowly defined settings. It has been shown that concentrated sources of fecal matter can release bioaerosols through different mechanisms, e.g., wind erosion or mechanical disturbance ([@bb0105]; [@bb0075]; [@bb0160]). These bioaerosols may be transported, pose an exposure risk, and cause infectious diseases. However, most of the bioaerosol research has been conducted in developed nations and in relatively isolated contexts, such as wastewater treatment plants, agricultural use of biosolids or in animal farms, e.g., places where personnel work close to animal and human waste ([@bb0190]; [@bb0120]; [@bb0235]; [@bb0010]). Recent research has focused among others on developing real-time bioaerosol sensors using fluorescence spectra to monitor bioaerosol emissions ([@bb0215]), characterizing the effect of aeration on bioaerosol generation during wastewater treatment ([@bb0260]) and chemical and molecular fingerprinting of outdoor bioaerosols to track their source and transport in different meteorological conditions ([@bb0110]). As these novel methods and findings keep arising, it is important to use existing methods and instruments to understand bioaerosol dynamics and exposure risks in low-resource settings.

Considering people living in cities with poor sanitation are broadly exposed to a variety of fecal pathogens through multiple pathways, e.g., fluids, fingers, flies, floors or food ([@bb0255]), it is paramount to better understand fecal pathogen transport and exposure routes in order to minimize disease transmission. Moreover, cities with rapid urban growth will face unprecedented challenges in waste management, potentially causing an increase in diarrheal diseases that could create lifetime health deficits ([@bb0150]). Recent modelling efforts have found high risks of infection and illness from airborne Rotavirus and Norovirus emitted from wastewater treatment plants in Iran ([@bb0165]), identifying key areas in these facilities that increase the risk of illness from bioaerosol exposure ([@bb0050]). Hence, we are conducting a series of studies looking at sanitation-related bioaerosols in developing countries to better understand their potential health impacts. The main goals of our study were 1) to optimize a robust and practical community exposure bioaerosol surveillance strategy in outdoor environments with poor sanitation and 2) explore if these bioaerosols are relevant at personal exposure levels (\~3--13 L~air~/min ([@bb0090])) in such contexts. We conducted this study testing different sampling methods to characterize the fate and transport of sanitation-related bioaerosols during both the rainy and dry seasons in La Paz, Bolivia in 2019, as seasonal effects on aerosolized pathogenic microorganisms have been observed ([@bb0100]; [@bb0130]). We evaluated multiple environmental factors to explore their impact upon bioaerosols in real-world scenarios using low-cost instrumentation, identifying the key parameters to be included in future context-specific risk assessments and surveillance efforts.

2. Methods {#s0010}
==========

2.1. Study site {#s0015}
---------------

La Paz is located at 3600 m above sea level in the Andean region of Bolivia. It is a rapidly growing city with 800,000 people (1.9 million in the metropolitan area) ([@bb0035]). With a unique geography, the city lies in a canyon with poor urban planning. Industrial wastewater, hospital sewage and domestic sewage are discharged into the Choqueyapu River that crosses downtown La Paz and is fed by several tributaries also serving as sewers. Traversing steep slopes, the Choqueyapu River forms several waterfalls, creating an environment conducive to sewage aerosolization.

2.2. Bioaerosol sampling {#s0020}
------------------------

We sampled bioaerosols during the rainy (September--April) and dry (May--August) seasons of 2019 during a 4-week field campaign split in two visits in March and June, respectively. Typical for La Paz, the rainy season (during the summer time) is characterized by very cloudy skies whereas the dry season (during winter) has more clear skies. As a results, the daily UVB irradiation is relatively uniform throughout the year (see Table A2 in SI). Five spatially distributed sites (\~1.6 km from each other) adjacent to the Choqueyapu River were selected for their proximity to the river and waterfalls and five additional sampling locations were selected at 100--1000 m away from each site in the rainy season (*n* = 10, 6 replicates). Only three sites adjacent to the river were selected in the dry season, to increase our sample size (beginning of open-sewer, mid-way point and city exit; sites a, b and c in Appendix A -- Fig. A1) and two concurrent transect samples were taken at 10--100 m downwind (*n* = 21, 3 replicates, not shown in Fig. A1). All other sites were only sampled in the rainy season. Three to six 100 mm settle Petri dishes (replicates) were set for 2 h at 1 m from the ground and 1 m from any obstacle, based on published methods for passive sampling ([@bb0115]; [@bb0170]). We calculated the fluxes (CFU/(m^2^ × h)) by dividing the CFU counts by the area of the Petri dish (7.854 × 10^−3^ m^2^) and the time at each site (2 h). We used the open-source Aquatest (AT) ([@bb0020]) selective growth medium, Difco™ MI Agar (BD Biosciences, San Diego, CA, USA) and Compact-Dry-EC plates (Hardy Diagnostics, Santa Maria, CA, USA) for sampling and enumeration of viable fecal coliforms and *E. coli*.

We conducted active sampling using the National Institute for Occupational Safety and Health (NIOSH) BC 251 Personal Aerosol Samplers ([@bb0045]) in parallel to passive sampling, for 2 h in each sampling event (*n* = 10 in rainy season, *n* = 25 in dry season). The NIOSH sampler was selected because it had been used for personal exposure studies ([@bb0065]; [@bb0055]; [@bb0015]). It uses a sampling rate of 3.5 L/min which simulates human breathing and thus is relevant to personal exposure. For the experiments reported herein, the sampler was located ≥2 m next to the passive sampling setup. The sampling flow-rate was calibrated at 3.5 L/min before each sampling event. The NIOSH device sorts organisms by size in three compartments: \>4 μm, 1--4 μm, and \<1 μm. These particles were collected in a 15 mL falcon tube, a 1.5 mL centrifuge tube, and a polytetrafluoroethylene (PTFE) back-up filter (0.3 μm pore, 37 mm), respectively ([@bb0055]). All samples were taken between 8:00 am and 6:00 pm.

2.3. Sample processing and molecular assays {#s0025}
-------------------------------------------

We took the samples collected on Petri dishes to the Universidad Católica Boliviana\'s (UCB) laboratories within 3 h of collection and incubated them at 37 °C for 20--24 h. Samples collected with the NIOSH device were rinsed with 1--1.5 mL PBS (0.5% BSA), combining the filter eluent with the 1--4 μm compartment\'s eluent. This was to increase the concentration of targets, and reduce the probability of false negatives. The two resulting eluents were mixed with DNA/RNA Shield™ reagent (Zymo Research, Irvine, CA, USA) for molecular analyses back in the USA. Viral nucleic acids were extracted using the Quick-DNA/RNA Viral Kit (Zymo Research, Irvine, CA, USA). We screened for 10 viruses (Influenza virus A/B/C/D Coronavirus NL63/OC43/HKU1/229E, Human adenovirus and Human enterovirus) using a RT-PCR method previously described ([@bb0015]). Given the sampling methodology, the results for those viruses are expressed in presence/absence, with our limit of detection being approximately 7 copies per m^3^ air.

2.4. Environmental conditions monitoring {#s0030}
----------------------------------------

We used low-cost sensors on-site to collect minute-interval measurements of PM~2.5~, temperature and relative humidity (RH). These sensors have been described and tested previously ([@bb0025]; [@bb0285]). We also collected wind speed data on-site (Vernier Software and Technology, Beaverton, OR, USA). We obtained solar UV irradiance (UVB, 280--320 nm) data from a stationary radiometer (Yankee Environmental Systems, Turners Falls, MA, USA) located at approximately 3 km away from the sampling site at Universidad Mayor de San Andrés.

3. Results and discussion {#s0035}
=========================

3.1. Passive and active sampling findings {#s0040}
-----------------------------------------

The median flux of total coliforms in the rainy season was 71 CFU/(m^2^ × h) \[range: 0--5411\] while the median flux in the dry season was 64 CFU/(m^2^ × h) \[range: 0--3374\] with 38% of the dry season samples being positive for *E. coli*. The percentage of positive samples for *E. coli* during the rainy season is unknown due to growth medium presumably being damaged by sunlight, making it difficult to reliably differentiate *E. coli* from total coliforms (only 1 out 60 replicates had noticeable pink CFUs). CFU differentiation was possible during the dry season but we still noticed changes on the agar, shown in the positive controls in Fig. B1 (see SI). The sampling site located at the beginning of the open sewer (location *a* on Fig. A1) had the highest fluxes, with a mean flux of 4064 ± 1184 CFU/(m^2^ × h) in the rainy season and 2706 ± 388 CFU/(m^2^ × h) in the dry season. We note here that this site is at the starting point of the open sewer, and has a 2--3 m waterfall, coming off a tunnel with 1--2 m of headspace. We observed higher fluxes next to the river in both seasons and our concurrent transect samples taken at 10--100 m downwind of the open sewer at two different locations showed a reduction in fluxes as the distance from the river increased ([Fig. 1](#f0005){ref-type="fig"} ). The deposition of aerosolized pathogens on food, water or fomites is known to be a potential source for exposure ([@bb0070]). For example, it was the suspected cause of an *E. coli O157*:*H7* outbreak at a county fair in Oregon, USA ([@bb0125]). Continuous passive sampling with a highly selective medium such as AT could allow rapid and low-cost monitoring of bioaerosols to better understand the prevalence of such events, without needing highly trained personnel or high-tech equipment.Fig. 1Total coliform fluxes at three sampling sites during the rainy season and dry season.Fig. 1

We conducted molecular analyses (RT-PCR) of actively sampled aerosols (using the NIOSH sampler) for influenza viruses, HadV, coronaviruses, and enteroviruses to test for potential presence of respiratory pathogens with aerosolized enteric bacteria. One sample (10%) was positive for HadV (positive hit on \>4 μm compartment and in the \<4 μm combined eluent) and one sample (10%) was positive for influenza A virus during the rainy season (positive hit on \>4 μm compartment only). The HadV positive sample was from the site with the highest bacterial flux. Four samples (8%) were positive for influenza A virus in the dry season (all in the \<4 μm compartment). HadV is commonly found in faecally-contaminated water and can cause enteric and respiratory infections through ingestion and inhalation, typically resulting in mild illness ([@bb0270]). A 2018 risk assessment study found high risks of illness from aerosolized HadV at wastewater treatment plants (WWTPs) ([@bb0050]) supporting previous findings of adverse occupational-health effects in WWTPs ([@bb0210]; [@bb0080]). Influenza A virus, on the other hand, is well known to infect animals and humans alike through aerosols, causing respiratory illnesses with the potential to result in epidemics ([@bb0205]; [@bb0145]) and detecting it through environmental sampling would enable local authorities to respond adequately. We did not detect any of the coronaviruses we tested for (NL63/OC43/HKU1/229E), and we did not test for SARS-CoV-2, the coronavirus responsible for the 2020 pandemic, as the study took place 5 months before the first known case of COVID-19 was identified ([@bb0005]). The detection of viruses at low-flow rates (3.5 L/min) in short sampling periods (2 h) is of interest as viruses cause \~60% of infection cases, and to date, there are limited vaccines and antiviral medications ([@bb0040]). In this light, it is likely that open sewers could be contributing to community exposure to viruses in places with poor sanitation, but the magnitude of the exposure needs further characterization (i.e., concentration measurements and infectivity assays to determine if the virus remains infectious). The recent coronavirus pandemic highlights the susceptibility of our society to viral infection and the needs for surveillance systems for early detection of disease outbreaks.

Our efforts to sequence aerosolized viruses to identify the sub-types were unsuccessful because the concentration of DNA was too low. However, our detection of viruses at sites with high enteric bacterial fluxes indicates that open sewers may be associated with enteric virus detection through aerosolization of contaminated water and sewage. Enteric viruses are known to remain viable for weeks to months, while respiratory viruses can do so for hours to multiple days ([@bb0040]). Nevertheless, the contamination of non-porous fomites, such as the several playgrounds of La Paz located near our sampling sites, could harbor enteric viruses, potentially remaining infectious. At minimum, fomite sampling at those location is needed to begin understanding personal exposure.

3.2. Context-specific environmental co-variates identification {#s0045}
--------------------------------------------------------------

The effects of co-variates were observed by using a zero-inflated mixed effects regression model to assess the impact of the monitored environmental conditions on bacterial fluxes. This regression model addressed the fact that 35% and 33% of our passive samples were below detection limit (\<1 CFU per plate) in the rainy and dry seasons, respectively. We fitted a negative binomial distribution to these data to account for its overdispersion (residual variance ≫ predicted variance). We found that wind speed had a significant positive, and UVB irradiance a significant negative effect on fluxes (*p* \< 0.05 and *p* \< 0.001, respectively) in the rainy season while positive effects from RH and UVB (p \< 0.05 for both) were found in the dry season. While the trends during the rainy season are as expected, the positive effect of UV during the dry season is puzzling. We suspect that it could be due to i) higher bacterial flux rates compared to UVB induced death rates during the study ([@bb0220]). ii) Light shielding effects by large particles attached to the bacteria ([@bb0225]), or iii) a reduction in inactivation potential due to an effect of low RH on UVB-induced bacterial decay ([@bb0180]), suggesting that the average spherical irradiance may not be independent of UV dose at RH \< 40% ([@bb0175]). Overall, our results suggest that sanitation-related bioaerosols\' viability and transport are likely to be most affected by UV radiation and wind speed. These results agree with previous bioaerosol studies which found that solar radiation reduced bioaerosol viability ([@bb0220]; [@bb0155]). Wind speed has also been found to plays a key role in bioaerosol dispersion, by affecting mechanical turbulence and particle deposition. RH has shown both positive and negative effects on inactivation rates ([@bb0250]). Further investigations are needed to better quantify these effects.

We found a significant negative effect from distance in the dry season (*p* \< 0.05) when sampling distances from the river were \<100 m and samples were taken concurrently. We did not find a significant effect of distance in the rainy season when distances ranged from 10 m to several kilometers away from the open sewer. Samples were not taken concurrently in this season. We did observe higher fluxes next to the open sewer, implicating it as the likely source (58% of the samples taken \>100 m away were below detection limit). The CFUs recovered at sites at distances \>100 m could be attributed to other contamination sources. Tools such as microbial source tracking could be used in future studies to identify the origin of these bioaerosols.

We could not assess the seasonal effects statistically as our sampling strategies changed between sampling campaigns, but we observed slightly lower CFU fluxes in the dry season (Table A2), while the flow-rate of the Choqueyapu river decreased noticeably. A 2018 study in Beijing suggested that bioaerosols may represent a greater health hazard during the winter (dry season), after finding that microbial compositions of PM~2.5~ had more pathogenic bacteria and fungi ([@bb0085]). In contrast, Masclaux and collaborators found aerosolized HadV in 100% of their samples taken from 31 WWTPs in the summer and 97% in the winter in Switzerland ([@bb0140]). The latter findings indicate a more uniform emission of bioaerosols from well-managed systems, commonly found in the developed world. Places with poor sanitation face a bigger challenge as open sewers or animal and human waste are not restricted spatially, increasing the possibility of community exposure.

3.3. Bioaerosol transport estimation model {#s0050}
------------------------------------------

As a proof of concept, we applied a Gaussian plume model to estimate how far the bioaerosols emitted from an open sewer could travel ([Fig. 2](#f0010){ref-type="fig"} ). We experimentally cross-validated the deposition velocity by dividing our mean flux \[155 CFU/(m^2^ × h)\] by the mean concentration from the rainy season measured by [@bb9000] \[54 CFU/m^3^\] (not published) during the rainy season, as sampling events coincided in time and location. The experimental deposition velocity was in the same order of magnitude of the theoretical deposition velocity (10^−4^ m/s), calculated using the Stokes settling velocity equation corrected by the Cunningham factor ([@bb0200]). A summary of the collected data can be found in the SI, Appendix A - Table A2. The concentration at 10 m downwind from the river was found using the Gaussian plume model (Eq. [(2)](#fo0010){ref-type="disp-formula"}) and with the following assumptions: i) Bioaerosols only traveled in the wind direction and estimates were for ground level concentrations only (z = 0, y = 0) ii) Concentrations were back-calculated using bacterial fluxes and theoretical particle deposition velocities. iii) The stack height was fixed at 4.68 m above the sewer, incorporating the height (3.68 m) from the water level to the ground and adding 1 m above ground at which the measurements were made. iv) Wind speed was constant for each site. v) One outlier data point was removed for the model. vi) The theoretical deposition velocity was estimated to be 1.37 m/h for spherical particles with a diameter range of 2--5 μm and a density of 1000 kg/m^3^.$$\text{Concentration}\ \left( {{CFU}\ m^{- 3}} \right) = \frac{\text{Flux}\ \left( {{CFU}\ m^{- 2}h^{- 1}} \right)}{\text{Deposition\ velocity}\ \left( {m\ h^{- 1}} \right)}$$ $$C_{x,0,0} = \frac{Q \ast {Exp} - 0.5 \ast \left( \frac{H}{\sigma_{z}} \right)}{{Ws} \ast \sigma_{\mathit{yx}} \ast \sigma_{\mathit{zx}} \ast \pi}^{2}$$where Q is the rate of bacteria emission per time \[CFU/h\]; H is the effective stack height \[m\]; Ws is the wind speed \[m/h\]; σ~y~ and σ~z~ are the standard deviation coefficients of dispersion \[m\] using Briggs formulas for Pasquill\'s atmospheric stability category A-B, C and D ([@bb0265]); and π is 3.14. These stability categories are semiquantitative; A and B are characterized for having wind speeds \<2 m/s and slight, moderate or strong solar radiation ([@bb0265]), which best corresponded with the conditions during sampling.Fig. 2Gaussian plume model fitted to experimental measurements taken during the dry season. The atmospheric stability category during the sampling campaigns was A-B. C and D are shown for illustration (see text for details).Fig. 2

This simple model shows that bioaerosol surveillance and transport modelling could be a starting point for public health officials to establish a threshold distance at which e.g., playgrounds or food stands should be located to reduce exposure to potential hazards. The variability observed highlights the importance of using this transport model with discretion when using passive sampling data. Comprehensive guidelines for model development and modelling software are available, e.g., through the Unites States EPA Support Center for Regulatory Atmospheric Modelling ([@bb0095]). Due to the inherent variability of the sampling method, we recommend a minimum of 30 samples (180 replicates) per site before drawing any conclusions. This would also allow the incorporation of environmental co-variates and their effect on the detected bioaerosols in the transport models. We did not include these here to avoid increasing the model complexity in an already limited data set.

3.4. Optimization of passive sampling {#s0055}
-------------------------------------

We found that only Aquatest (AT) medium could withstand the field conditions for passive sampling, compared to MI agar and Compact Dry plates (Appendix B). The *E. coli* staining chromogen was damaged after extended sunlight exposure ([@bb0030]), preventing its identification and quantification vs. total coliforms. The dry environmental conditions also affected MI agar, resulting in dehydration of the medium and loss of surface area coverage (Appendix B -- Fig. B1). Finally, we followed a published method to enhance AT\'s use for bioaerosol passive sampling, ([@bb0275]) and spread 0.1 mL mineral oil onto AT plates and tested them against regular AT plates during the rainy season, in triplicates. We did not find a significant difference in the CFU fluxes observed after 24 h of incubation between plates with or without mineral oil (*p* = 0.9055, Wilcoxon signed-rank test, *n* = 60). Our findings suggest that mineral oil does not increase CFU recoverability in outdoor bioaerosol passive sampling.

3.5. Study limitations {#s0060}
----------------------

We optimized a simple, yet effective strategy of sampling bioaerosols in low-income settings for surveillance efforts, but as any study, it had its limitations. First, our sample size was limited due to time constraints for both sampling events (2 h at each site per sample) and the campaign (10 days for sample collection in each season). Continuous surveillance efforts would allow further hypothesis testing and improvement of bioaerosol transport modelling. Second, the damage that happened to the growth media may have resulted in viable but non culturable organisms, leading to an underestimation of fluxes or misidentification of *E. coli*. Third, the low volumes sampled for molecular analysis, while realistic from an exposure perspective, resulted in a low number of positive hits. Increased sampling flow-rates or longer sampling periods would permit better quantification of pathogens and microbial source tracking.

4. Conclusions {#s0065}
==============

Our findings suggest that aerosols could play a role in the exposure to enteric microorganisms in cities with poor sanitation. The use of passive sampling, despite its limitations, can provide quantitative data on microorganisms\' viability within realistic timeframes of personal exposure. Parallel active sampling at higher flowrates combined with current molecular methods could further identify and quantify pathogens of interest, including bacterial and viral species given the limitations of indicator microorganisms in passive sampling. Our future work will involve additional sampling and the development of Quantitative Microbial Risk Assessment (QMRA) frameworks to better understand the risk associated with the aeromicrobiological route of pathogen exposure of populations living in poor sanitation conditions. This will enable a better characterization of pathogen\'s fate and transport and the estimation of disease risks posed by these organisms, providing both technical and analytical surveillance tools.
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